Muscarinic receptors play key roles in the control of gastrointestinal smooth muscle activity. However, specific physiological functions of each subtype remain to be determined. Single cell RT-PCR experiments showed that all five subtypes of muscarinic receptors were present in circular smooth muscle cells of the guinea-pig gastric antrum. Nonselective cation channels (NSCC) activated by ACh or CCh are coupled to pertussis toxin (PTX)-sensitive Go protein through m4 subtype as well as m2 and m3 subtypes in guinea-pig stomach. CCh-activated currents (ICCh), especially the steady-state I-V relationship of ICCh showed a chracteristic U-shaped curve; reversal potential of around 0 mV and inward rectification at around +15 mV and a negative slope conductance at negative potential range. Under physiological conditions, the measured single channel conductance of NSCC was approximately 25 pS. The single channel conductance was modulated by external monovalent and divalent cations including Na 
relationship of ICCh showed a chracteristic U-shaped curve; reversal potential of around 0 mV and inward rectification at around +15 mV and a negative slope conductance at negative potential range. Under physiological conditions, the measured single channel conductance of NSCC was approximately 25 pS. The single channel conductance was modulated by external monovalent and divalent cations including Na Calculated fractional Ca 2+ current of ICCh (fCa) was around 1% at the 2 mM [Ca 2+ ]o and at the 4 mM [Ca 2+ ]o, fCa was 2.3%. Quinidine blocked ICCh potently in a reversible manner; IC50 was 0.25 µM. There were two kinds of ICCh modulations through Ca 2+ -dependent pathways in guinea-pig gastric smooth muscle cells; 1) Facilitation of ICCh via Ca 2+ /CaM-dependent MLCK pathway, 2) Desensitization of ICCh via Ca 2+ -dependent PKC pathway. In the mouse stomach, all seven types of TRPC mRNA were detected with RT-PCR. On the basis of electrophysiological, pharmacological, and molecular biological experiments, we reported the mTRPC5 as a candidate for the NSCC activated by muscarinic stimulation in mouse stomach.
Introduction
It is well known that muscarinic stimulation causes the excitation and contraction of many types of gastrointestinal smooth muscle (Bolton, 1979) . In mammalian gastrointestinal myocytes, acetylcholine (ACh) or carbachol (CCh) induces a graded depolarization and/or action potential. This depolarization is attributed to ACh-(CCh-) activated nonselective cationic currents (ICCh) (Benham et al., 1985; Inoue and Isenberg, 1990a; Kim et al., 1995) . The GTPbinding protein-mediated signal transduction pathway is believed to play a key role in the gating process of ICCh (Inoue and Isenberg, 1990c; Komori et al., 1992b) . However, the state of activation is modulated by many physiological conditions including membrane potential (Inoue and Isenberg, 1990a) , intracellular [Ca 2+ ] ( [Ca 2+ ]i) (Inoue and Isenberg, 1990b) , extracellular pH (Inoue et al., 1995) , and tyrosine phosphorylation (Inoue et al., 1994) . Although the ionic nature and voltage-dependence of ACh-or CCh-activated cationic currents have been investigated in various gastrointestinal smooth muscles (Inoue and Isenberg, 1990a , 1990b , 1990c Vogalis and Sanders, 1990) , reports on general properties of muscarinic receptor-operated nonselective cation channels in gastric smooth muscle cells are limited. Thus this review will summarize the data about the nonselective cation channels (NSCC) activated by the stimulation of muscarinic receptors in mammalian gastric smooth muscle.
General Properties of Muscarinic Receptor-operated NSCC in Guinea-pig Gastric Antral Smooth Muscle
In the isolated gastric antral tissue of guinea-pig stomach, ACh or CCh depolarizes the membrane potential and simultaneously enhances the contractility and slow wave frequency (Fig. 1) . Membrane potential was measured by conventional intracellular microelectrode technique and isometric contraction was also recorded by a force transducer connected to one end of the muscle strip (upper trace). Even under the condition pretreated with 10 µM of verapamil, L-type calcium channel blocker, 0.5 µM of CCh induced a prominent depolarization of resting membrane potential and much increased the frequency of slow waves (lower trace).
CCh-activated current (ICCh) in gastric myocytes
Externally applied CCh activated an inward current which reversed around 0 mV (Fig. 2c ). CsCl-rich solutions were used both in the pipette and bath to record the CCh-activated current. The reversal potential was not changed notably when we replaced external Cs + with Na + , Li + , K + , or Rb + , which indicates a nonselective cation permeability with respect to monovalent alkaline cations. Permeability ratios were calculated from the measured reversal potentials using the modified Goldman-Hodgkins-Katz equation for biionic conditions. The relative permeability ratio was 1.1 : 1.1 : 1 : 0.98 : 0.80 for Rb + : K + : Cs + : Na + : Li + . An anionic component seemed not to be present as there was a negligible shift of the reversal potential of ICCh when extracellular concentrations of chloride ion were changed by isethionate.
Various depolarizing or hyperpolarizing step pulses were applied in the presence and absence of CCh. ICCh were obtained by subtracting the control currents from the currents recorded in the presence of CCh. The steady-state current-voltage (I-V) relationship of ICCh showed inward rectification at around +15 mV and a negative slope conductance at negative potential range (< -40 mV, characteristic U-shaped I-V curve). All these properties are similar to the reports about nonselective cation channels activated by muscarinic stimulation in other gastrointestinal smooth muscle cells (Benham et al., 1985; Inoue and Isenberg, 1990a; Sims, 1992) .
As shown in Fig. 3 , ICCh was dose-dependently suppressed by externally applied quinidine at concentration ranges of 0.1-2 µM. This effect was fully reversible. The half-inhibitory dose (IC50) was 0.25 µM. In the isolated gastric antral muscle strip showing spontaneous activity, a brief application of ACh (2 µM) resulted in transient depolarization (Fig. 4a) . The same muscle strip was pretreated with quinidine (2 µM) and the shape of slow waves as well as resting membrane potential were not affected by quinidine itself. In this condition, addition of ACh could not depolarize the membrane while the contractile response still occurred (Kim et al., 1995a) .
Single channel currents of ACh-activated NSCC have been recorded in smooth muscle cells of the guinea-pig ileum (Inoue et al., 1987) , rabbit portal vein (Inoue and Kuriyama, 1993) , and canine pyloric circular muscle (Vogalis and Sanders, 1990) . Under physiological conditions, cation selective channels have a single channel conductance of 20-25 pS at the membrane potentials ranging between -100 and -40 mV and are activated in a membrane potentialdependent manner in the guinea-pig ileum (Inoue et al., 1987) . Under physiological conditions, cation selective channels have a single channel conductance of 25 pS (Erev = 4.1 mV) in the rabbit portal vein (Inoue and Kuriyama, 1993 ) and 30 ± 4 pS (Erev = -12.3 mV) in canine pyloric circular muscle cells (Vogalis and Sanders, 1990) (Kang et al., 2001) . These values are not greatly different from the previous results in other tissues (Inoue et al., 1987; Vogalis and Sanders, 1990; Inoue and Kuriyama, 1993; Kim et al., 1998a) , suggesting the similar molecular identity of the channels. The experimental results obtained from guineapig stomach show that external cations modulate the size of the currents because external cations regulate the open probability as well as the unitary conductance (Kang et al., 2001) . Similar effects were observed in the cyclic GMP-activated channel (Menini, 1990) and in an NMDA-channel pore mutant (Inoue, 1991) . It has been reported that extracellular divalent cations strongly modulate the cationic current under whole-cell voltage clamped conditions (Inoue, 1991; Zholos and Bolton, 1995) . When the sum of [Ca 2+ ]o and [Mg 2+ ]o was kept constant, increasing [Ca 2+ ]o from 0 to 2 mM enhanced whole-cell currents in guinea-pig ileal smooth muscle cells (Zholos and Bolton, 1995) , whereas increasing [Ca 2+ ]o up to 10 mM reduced the maximum conductance of the current (Zholos and Bolton, 1995) . Although we did not pursue the precise mechanisms of Ca 2+ modulation, it was clearly shown that, at the single channel level, external Ca 2+ modulates NSCCCh by changing both the open probability and single channel conductance of the channels (Kang et al., 2001) .
In smooth muscle cells, muscarinic agonists like ACh or CCh activate contraction and ]c (Pacaud and Bolton, 1991; Komori et al., 1993) , direct demonstration of Ca 2+ influx through NSCCCh causing ∆[Ca 2+ ]c is still missing. In neurons, the episode of Ca 2+ influx with non-selective cationic currents were usually short and fast, hence one could neglect the effects of the slow Ca 2+ redistribution processed such as sequestration into the SR or pumping across the plasma membrane (Neher, 1995) . In the our experiments with gastric smooth muscle cells, however, tonic ICCh activated along a very slow time course and Ca 2+ redistribution effects had to be taken into account (Kim et al., 1998a ]o could induce [Ca 2+ ]c. The fCa was, however, much smaller than the one calculated from the reversal potential.
GTPγS-induced current similar to ICCh
It was reported that muscarinic stimulation activates nonselective cation channels through the activation of GTP-binding protein (G-protein) mediated signal transduction (Inoue and Isenberg, 1990c; Komori et al., 1992) . Analogues of GTP resistant to hydrolysis (guanosine 5-O-(γ-thio) triphosphate (GTPγS) or guanosine 5'-(β, γ-imido) triphosphate (Gpp(NH)p)) combine with the α-subunit of G-protein, converting it to a permanently activated state. Another analogue (guanosine 5-O-(β-thio) diphosphate (GDPβS)) is thought to compete with GTP for binding on the G-protein, resulting in irreversible inhibition.
We found that intracellular application of 200 µM GTPγS from the patch electrode slowly induced an inward current. The current increased with time and saturated within 15-20 min. In this state, the inward current could no longer be enhanced by a simultaneous application of 50 µM CCh (Fig. 5) . Moreover, with GTPβS (0.3 mM) in the pipette, no or only a minimal inward current could be activated by externally applied CCh. This GTPγS-induced current showed time-and voltage-dependent characteristics that are very similar to ICCh, indicating that ICCh is elicited through a G-protein-mediated signal transduction pathway. In the guinea-pig gastric myocytes, pertussis toxin-sensitive Go-type protein may mediate signals from the muscarinic receptor to NSCC (Kim et al., 1998a) . GTPγS-induced inward currents were also sensitively blocked by quinidine as shown in Fig. 5a . ]i. Inoue and Isenberg (1990b) reported that the half-maximally and maximally effective concentrations of cytosolic Ca 2+ are 0.2 and 1 µM, respectively. As ICCh is barely observable when [Ca 2+ ]i is held below 1 nM or when extracellular Ca 2+ is not present, it is evident that an appropriate concentration of cytosolic Ca 2+ is necessary for the activation of ICCh in smooth muscle cells. We found in a previous report (Kim et al., 1995b ) that a calmodulin antagonist, W-7, reversibly inhibits ICCh and that the direct addition of calmodulin to the pipette solution is helpful in preventing the "run-down" of ICCh in guinea-pig gastric myocytes. W-7, however, did not inhibit the same nonselective cationic current activated by GTPγS, which permanently activates α-subunits of GTP-binding protein. For this reason, we suggested that the Ca 2+ dependence of ICCh can be partly ascribed to a calmodulin-dependent signaling mechanism, and that the modulatory site will be proximal to the activation of G-protein (Kim et al., 1995b) . Binding of Ca 2+ to calmodulin (CaM) is an important mechanism of signal transduction in response to hormonal stimulation or membrane depolarization and various protein kinases or Slowly increasing inward current was induced 2 min after making whole-cell configuration (Vh = -20 mV). The application of CCh had minimal effect when this inward current had reached a steady-state. The I-V relationships are very similar to those induced by CCh. From Kim et al. (1995a). phosphatases are involved in the steps of CaM-dependent signaling. These include MLCK, a well-known regulatory enzyme whose role in smooth muscle contraction is to catalyse the transfer of the γ-phosphate from ATP to the regulatory light chain of myosin and CaMdependent kinase type II (CaM kinase II), a ubiquitous enzyme present in all cell types. We hypothesized that MLCK and/or CaM kinase II are possible mediators of CaM-dependent modulation and tested the effects of chemical or peptide antagonists for the respective enzymes . Figure 6 shows that MLCK is an important regulatory factor for the activation of ICCh in guinea-pig gastric myocytes. ML-7, a chemical inhibitor of myosin light chain kinase (MLCK), inhibited ICCh concentration-dependently in a reversible manner even in presence of verapamil. Different from the effects on ICCh, ML-7 barely inhibited the same cationic current induced by GTPγS in the pipette solution. These results suggest that a Ca 2+ / CaM-MLCK-dependent pathway can modulate the activation of ICCh in guinea-pig gastric antral myocytes, and that the modulatory site will be proximal to the activation of G-protein.
Modulation of ICCh through

Desensitization of ICCh via Ca
2+ -dependent PKC pathway
In guinea-pig ileum, CCh-activated NSC currents (ICCh) decayed spontaneously during prolonged stimulation of muscarinic receptors with high concentrations (e.g. 50 µM) of CCh (desensitization of ICCh), which was explained by internal processes, such as a decline in the production of activated G-protein subunits (Zholos and Bolton, 1996) . However, further elucidation of the signaling mechanism responsible has not yet been achieved. We reported ]i was severely suppressed with 2 mM EGTA in spite of the large amplitude of ICCh (B). From Kim et al. (1998c). 1998c: Fig. 7 ). According to a previous report (Khalil et al., 1994) -dependent PKC may slowly suppress the signal transduction pathway for ICCh proximal to the NSCC. Desensitization of ICCh may be an example of a negative feedback mechanism in gastrointestinal smooth muscle, and may prevent prolonged depolarization. Without such negative feedback, recycling activation of NSCC and ICa may induce excessive Ca 2+ influx and contraction.
Signal transduction pathway and modulation of ICCh from muscarinic receptors to NSCC
Single cell RT-PCR experiments showed that all five subtypes of muscarinic receptor were present in circular smooth muscle cells of the guinea-pig gastric antrum . Together with our previous results showing that Go protein is important for activation of NSCC activated by CCh (Kim et al., 1998a) , it is suggested that ICCh might be activated by ACh through m4 subtype as well as m2 and m3 subtypes in guinea-pig stomach (Rhee et al., 2000; So et al., 2003) .
On the basis of the experimental results about the NSCC activated by muscarinic stimulation in guinea-pig stomach, schematic drawing such as Fig. 8 could be made: the results suggest that the CCh-induced depolarization results from the m2, m3 and m4 muscarinic activation, which evokes the ICCh via PTX-sensitive Go protein, and the Ca 2+ -dependent facilitation of ICCh is due to the activation of Ca 2+ /CaM-dependent MLCK pathway, and the desensitization of ICCh is due to the negative feedback effect on the activation of NSCC via Ca 2+ -dependent PKC pathway, and among the various ion channel blockers, quinidine was a highly potent blocker; externally applied quinidine suppressed ICCh (IC50 = 0.25 µM) in a reversible and voltagedependent manner at the submicromolar range. Through the NSCC, Ca 2+ can move into the cell from extracellular solution as well as Na + . Calculated fractional Ca 2+ current of ICCh (fCa) was around 1% at the 2 mM [Ca 2+ ]o and at the 4 mM [Ca 2+ ]o fCa was 2.3%.
TRPC5 as a Candidate for the NSCC Activated by Muscarinic Stimulation in Murine Gastric Smooth Muscle
After the transient receptor potential (TRP) gene was found in fruit fly Drosophila melanogaster, many researchers suggested that TRP protein might be the candidate for NSCC recorded in many tissues. The mechanism of phototransduction in the Drosophila involves rhodopsin coupled to phospholipase-C (PLC) via a G-protein. Whereas in vertebrates light induces the closing of cyclic nucleotide-gated channels and a subsequent hyperpolarizing membrane potential in photoreceptor cells, PLC-mediated activation of membrane channels leads to a depolarizing membrane current in Drosophila. Studies on the components of the lightinduced current (LIC) led to the identification of a Drosophila mutant that showed a transient LIC in response to light, in contrast to the sustained LIC in wild-type flies (Minke and Selinger, 1996) . Figure 9 shows the TRP phenotype, that LIC in response to prolonged intense orange light were recorded in voltage-clamped photoreceptors of wild type (WT), the TRP mutant (lacking TRP channel protein that responded to a continuous light with a transient receptor potential), and WT treated with La
3+
. A peak response and a subsequent plateau characterize the light response of . From Minke and Selinger (1996) .
WT. The response of the TRP photoreceptor decays close to baseline during light. A similar decay of the light response close to baseline was obtained by application of 10 µM La 3+ to the extracellular medium of WT photoreceptors. On the basis of structural information the TRP family is subdivided in three main subfamilies: the TRPC (canonical) group, the TRPV (vanilloid) group and the TRPM (melastatin) group (Venneken et al., 2002: Fig. 10 ). In many tissues, mammalian homologs of the Drosophila TRP channel family (TRPC1-7) have been implicated as molecular candidates for the receptor-operated Ca 2+ entry channels (ROCC) and store-operated Ca 2+ channels (SOCC). ROCCs are activated by G protein-coupled receptor-PLC (GPCR-PLC) pathway and independently of store depletion by various messengers of the signal transduction. Although smooth muscle cells are known to express voltage-activated Ca 2+ channels, the NSCCs stimulated by GPCR (α1-adrenoceptor in vascular smooth muscle or muscarinic receptor in visceral smooth muscle)-PLC activation form an additional important Ca 2+ -entry pathway. The TRP6 was shown to be the molecular identity for α1-adrenoceptor-activated NSCC permeable to Ca 2+ (Inoue et al., 2001) . Likewise, TRPC6 was proposed to be a molecular component of ROCC in A7r5 smooth muscle cells (Jung et al., 2002) . For the NSCC activated by ACh, Schaefer et al. (2000) suggested that mouse (m) TRP4 and 5 might be candidates. We tried to identify the molecular candidate for the NSCC activated by CCh. Because the molecular property for the NSCC activated by muscarinic stimulation in guinea-pig stomach was not characterized yet, we have changed experimental animals from guinea-pig to mouse, in order to adopt the molecular biological work including the expression of TRP channels. To pursue the goal, we recorded the NSC current in the single cells isolated from the murine stomach and then compared the properties of NSCCCCh in the murine stomach with those of mTRPC (Lee et al., 2003) .
We investigated which TRP channel channel is responsible for NSCC activated by CCh in murine stomach with RT-PCR and the electrophysiological method. All seven types of TRPC mRNA were detected in murine stomach with RT-PCR. When each TRP channel was expressed, the current-voltage relationship of mTRPC5 was most similar to that recorded in the murine Note that the I-V curve in murine stomach is very similar to that in mTRPC5. From Lee et al. (2003) .
stomach (Fig. 11) . With 0.2 mM GTPγS in the pipette solution, the current was activated transiently in both NSCC in the murine stomach and the expressed mTRPC5 (Fig. 12 ). Both NSCC activated by CCh in murine stomach and mTRPC5 were inhibited by intracellularly applied anti-Gq/11 antibody, PLC inhibitor, IICR inhibitor, and nonspecific cation channel blockers (La 3+ and flufenamate). From these results, we suggest that mTRPC5 might be a candidate for the NSCC activated by ACh or CCh in murine stomach (Lee et al., 2003) .
Closing Remarks
Single cell RT-PCR experiments showed that all five subtypes of muscarinic receptors (m1, m2, m3, m4, and m5) were present in circular smooth muscle cells of the guinea-pig gastric antrum. Together with our previous results, it is suggested that ICCh might be activated by ACh or CCh through m4 subtype as well as m2 and m3 subtypes in guinea-pig stomach . In this report we suggested that m2 and m4 subtypes function as the activators of NSCC and m3 subtype as a modulator. The reason for the presence of all types of muscarinic receptors in the smooth muscle of guinea-pig stomach is not clear yet.
In the report about relationship between the desensitization of ICCh and protein kinase C, we suggested that protein kinase C mediates the desensitization of ICCh in guinea-pig gastric myocytes (the mechanism of desensitization; Ca 2+ -dependent PKC-mediated inhibition) (Kim et al., 1998) . On the basis of several experimental results, it was proposed that increased [Ca 2+ ]i during muscarinic stimulation would directly facilitate the activation of NSC channels while the Ca 2+ -dependent PKC pathway may slowly suppress the signal transduction pathway for ICCh proximal to the NSC channels. However, the facilitation mechanism of ICCh via direct action of increased [Ca 2+ ]i on NSC channels remained to be determined. In the murine stomach all seven types of TRPC mRNA were detected with RT-PCR (Lee et al., 2003). Among them mTRPC5 was suggested to be a candidate of the NSCC activated by ACh or CCh in murine stomach. We do not know the reason for the existence of all types of TRPC (TRPC 1-7) in the smooth muscle of mouse stomach. It has been reported that coexpression of different TRP isoforms resulted in the appearance of cation channels showing novel properties reminiscent of some native G protein-coupled receptor (GPCR)-activated Ca 2+ -permeable nonselective cation channels; coexpression of TRP1 with TRP4 or TRP5 results in a hyperpolarization-inhibitable cation current resembling muscarinic cation current (Stuebing et al., 2001) . Therefore, further investigations about various heteromeric combinations of TRP isoforms would be necessary for more complete understanding for the mechanisms of Ca 2+ mobilization during GPCR stimulation in smooth muscle (Inoue and Mori, 2002) . Finally the mechanisms for desensitization of ICCh between guinea-pig and murine stomach are different; in the guinea-pig stomach desensitization is associated with PKC while in murine stomach not related with PKC.
